The etiology of schizophrenia is thought to include both epistasis and gene-environment interactions. We sought to test whether a set of schizophrenia candidate genes regulated by hypoxia or involved in vascular function in the brain (AKT1, BDNF, CAPON, CHRNA7, COMT, DTNBP1, GAD1, GRM3, NOTCH4, NRG1, PRODH, RGS4, TNF-a) interacted with serious obstetric complications to influence risk for schizophrenia. A family-based study of transmission disequilibrium was conducted in 116 trios. Twenty-nine probands had at least one serious obstetric complication (OC) using the McNeil-Sjostrom Scale, and many of the OCs reported were associated with the potential for fetal hypoxia. Analyses were conducted using conditional logistic regression and a likelihood ratio test (LRT) between nested models was performed to assess significance. Of the 13 genes examined, four (AKT1 (three SNPs), BDNF (two SNPs), DTNBP1 (one SNP) and GRM3 (one SNP)) showed significant evidence for gene-by-environment interaction (LRT P-values ranged from 0.011 to 0.037). Although our sample size was modest and the power to detect interactions was limited, we report significant evidence for genes involved in neurovascular function or regulated by hypoxia interacting with the presence of serious obstetric complications to increase risk for schizophrenia.
Introduction
Many studies have shown that the prevalence of obstetric complications is higher in individuals with schizophrenia than in the general population, [1] [2] [3] [4] [5] [6] which has led to an often-stated, but never empirically tested, theory that serious obstetric complications interact with genetic risk factors to increase risk. 1, 5, [7] [8] [9] [10] A recent review by Schmidt-Kastner and colleagues 11 suggested that susceptibility genes for schizophrenia were more likely than randomly selected genes to be regulated by hypoxia/ischemia and/or expressed in the cerebrovasculature. In fact, a substantial fraction of the genes reported to be significantly associated with schizophrenia in at least two published studies fit this description, even though only 1-2% of known genes are involved in hypoxia-induced regulation. 12, 13 Using some of these putative candidate genes, we sought to empirically test whether serious obstetric complications statistically interact with genes thought to be regulated at least in part by hypoxia in a family-based study of 116 probands with schizophrenia spectrum disorders.
Methods
Affected individuals were ascertained as part of the Clinical Brain Disorders Branch/National Institute of Mental Health Sibling Study.
14 Probands met DSM-IV criteria for a broad diagnosis category consisting of the following diagnoses: schizophrenia, schizoaffective disorder, simple schizophrenia, psychosis NOS, delusional disorder, schizotypal, schizoid or paranoid personality disorder. Of the 116 probands diagnosed as affected using the broad diagnosis category, 103 (89%) were also classified as affected using the narrow diagnosis category that includes schizophrenia and schizoaffective disorder depressed type. The use of the broad diagnosis of schizophrenia is widely applied in the genetics literature (cf. Kendler et al., 15 Straub et al.
16
) and is consistent with evidence that schizophrenia and so-called spectrum diagnoses are genetically related. 17 Control participants were ascertained from the NIH Normal Volunteer Office or from local advertisement and had no current diagnosis of psychiatric disorders or first degree relatives with a diagnosis of schizophrenia spectrum disorders. Inclusion criteria for both controls and probands included: age between 18 and 55 years old, no significant medical problems or history of head trauma, no recent history of drug and/or alcohol abuse and IQ (for affected individuals, premorbid IQ) of above 70. All individuals gave informed consent. A research psychiatrist screened and interviewed all participants using a modified version of the Structured Clinical Interview. 18, 19 All individuals selected for this study self-identified as Caucasian.
Obstetric complication (OC) questionnaires were completed by parents of affected individuals and of control subjects who permitted contact with their parents, and were scored using the McNeil-Sjostrom Scale, which has been shown to be the most sensitive in assessing OC medical histories among individuals with schizophrenia. 20 The frequency of serious obstetric complications was not statistically different between male (N = 97) and female (N = 19) probands (Fisher's exact test P-value = 0.78). Concordant with several other reports and two meta-analyses, [21] [22] [23] [24] age of onset was significantly lower among probands reporting significant obstetric complications (mean age of onset = 19.6 years) versus those who did not experience significant complications (mean age of onset = 22.0 years; t-test P-value = 0.0091), although the difference between male and female probands' ages of onset was not significant (t-test P-value = 0.31). Of the 29 probands with OCs rated as serious (McNeil-Sjostrom Scale scores X5 on a scale of 1-6), the most common OC was bleeding during pregnancy (nine probands), followed by extended labor duration (four probands), delivery problems and respiratory distress at birth (three probands each), use of high forceps, birth via emergency cesarean section, adverse fetal position, early gestational age at birth and extreme prematurity (p33 weeks)/very low birthweight (two probands each). Heavy maternal smoking, use of medications, Rh incompatibility and neonatal anomalies were all reported by the mothers of one proband each. Mothers of 27 probands reported only one OC. The mother of one proband reported two OCs: extended labor duration followed by Cesarean section. An additional mother of one proband reported bleeding during pregnancy, early gestational age at birth, low birth weight and respiratory distress at birth. Thus, consistent with earlier reports, OCs in this sample are not uniform, probably reflect diverse factors and vary in terms of the period of gestation implicated (that is, prenatal versus perinatal).
Blood was collected and DNA was extracted using standard methods. Genotypes for all SNPs were obtained using the Taqman 5 0 -exonuclease allelic discrimination assay. Quality control was conducted by regenotyping selected SNPs and showed a discordance rate of 0.4%. SNPs were selected based on previous published reports of association or to capture the genomic diversity of the gene. The total number of SNPs originally included was 309; however, because of the limitations of the statistical method (discussed below) 19 SNPs contained zero cell counts for some groups and could not be assessed in the analysis, leaving a total number of 290 SNPs for examination. A list of all SNPs, locations, alleles and location within gene is given in Supplementary  Table 1 Likelihood ratio tests (LRTs) comparing nested conditional logistic regression models for gene-byenvironment interaction 25 were conducted to assess evidence for interaction between polymorphisms and serious obstetric complication status. Interaction between SNPs and serious OC status was considered statistically significant when the LRT P-value comparing the full model including the interaction term versus the reduced model that contained only the main effect of the SNP was less than 0.05; P-values were not adjusted for multiple testing. P-values for the LRTs are comparing nested models whereas P-values associated with the ORs are testing whether the linear combination comprising the interaction OR is equal to 1, so are slightly different. Statistical analyses were conducted using STATA v.8.2 and the contributed program pseudocc (www-gene.cimr.cam. ac.uk/clayton). A limitation of this method is that it includes only fully genotyped trios for any marker; therefore, if any individual had a missing genotype the family was not used in analysis for that marker. An important assumption of gene-environment interaction using case-only or transmission disequilibrium-based designs is that there is no significant correlation between polymorphisms within the gene and the environmental risk factor in the general population. Therefore, Fisher's exact tests were conducted among controls (N = 134) for polymorphisms that showed significant evidence for genetic-OC interaction in our sample of probands to assess whether this assumption was reasonable.
Results
Of the 13 genes examined, four showed evidence for significant serious OC-by-gene interaction (Table 1) .
Three SNPs in AKT1 showed significant evidence for serious OC-by-SNP interaction. Although modest LD was observed between two of the three SNPs (rs2494735-rs3803300 r 2 = 0.04; rs2494735-rs1130233 r 2 = 0.46; rs3803300-rs1130233 r 2 < 0.01), rs3803300 appears to be a relatively independent interaction signal. Probands who experienced serious OCs were 7.18-times (95% CI = 0.91, 56.75) more likely to have been transmitted the minor allele at rs2494735 versus those who did not report serious obstetric complications (LRT P-value = 0.037; odds ratio (OR) P-value = 0.062). Similarly, at rs3803300 and rs1130233, also in AKT1, ORs for individuals positive for serious OCs and having been transmitted the minor allele were 3.89 (95% CI = 0.83, 18.2; LRT P-value = 0.012; OR P-value = 0.085) and 3.97 (95% CI = 1.13, 13.92; LRT P-value = 0.02; OR P-value = 0.031) respectively. Two SNPs in BDNF show significant evidence for serious OC-by-SNP interaction; the LD between rs2049046 and ss76882600 was low (r 2 = 0.03) therefore suggesting potentially independent signals. Serious obstetric complication positive probands were preferentially transmitted the major allele at rs2049046 (OR = 0.15; 95% CI = 0.032, 0.73; LRT P-value = 0.011; OR P-value = 0.019) whereas the opposite was observed at ss76882600 (OR = 12.45; 95% CI = 1.63, 94.6; LRT P-value = 0.028; OR P-value = 0.015). One SNP each in DTNBP1 and GRM3 were found to show preferential transmission of the minor allele to probands who experienced serious OCs: at DTNBP1, rs875462 (OR = 9.49; 95% CI = 1.23, 73.3; LRT P-value = 0.025; OR P-value = 0.031) and at GRM3, rs7808623 (OR = 3.39, 95% CI = 0.95, 12.17; LRT P-value = 0.035; OR P-value = 0.061).
Assumption of gene-environment independence in controls Among 134 controls who had valid obstetric complication data, 21 reported obstetric complications of severity five or greater (15.7%). As expected, the rate of serious complications reported was less than observed in probands (29 of 116 individuals; 25.0%). No association was observed between sex and serious obstetric complication status (Fisher's exact test P-value = 1.0). Fisher's exact test P-values for tables of minor allele carriers versus serious OC status were all greater than 0.1, with the exception of BDNF ss76882600, which showed a trend toward significance (P-value = 0.068), indicating that the assumption of gene-environment independence does not show statistically significant evidence for violation, although it showed a trend toward nonindependence.
Discussion
Gene-environment interaction, especially between genetic risk factors and obstetric complications or maternal infection, has long been a hypothesized mechanism for increasing risk for schizophrenia. The present study is the first to empirically test for interaction between genetic risk factors and serious obstetric complications. We found that, even with low power to detect interaction, four of the 13 genes tested for gene-environment interaction showed significant transmission distortion among probands who had at least one serious obstetric complication. In addition, almost all of the obstetric complications rated at five or above in severity reported by mothers of schizophrenic probands had potential to cause hypoxia in the fetus or newborn infant, although it is unknown if this is the mechanism by which these OCs impact on risk for schizophrenia. We also show that the SNPs showing evidence for gene-by-environment interaction are not statistically significantly associated with obstetric complication status in controls, thus the assumption of gene and environment independence has not been violated. The hippocampus is a major focus of schizophrenia researchers because of consistent findings of hippocampal abnormalities in individuals with schizophrenia versus normal controls, including differences in volume measured with neuroimaging, differences in hippocampal function and differences in the expression of genes and proteins in postmortem tissue. 26 The hippocampus also is especially sensitive to hypoxic injury. Three studies have found that hippocampal volume shows additional reductions and/or brain abnormalities in persons with schizophrenia and their siblings who experienced obstetric complications in comparison with control individuals, 8, 27, 28 suggesting a potential interaction between genetic predisposition and obstetric complications. Genes selected for examination in the present study showed previous evidence for association with schizophrenia and are regulated at least in part by hypoxia/ischemia; in fact, AKT1, BDNF, GRM3 and DTNBP1 all have been shown to play a neuroprotective role (see Schmidt-Kastner et al.
11 for a review). The Serious obstetric complications KK Nicodemus et al markers showing significant evidence for gene-byenvironment interaction may be monitoring causal variants that reduce expression levels of the neuroprotective products of these genes, leading to vulnerability to hypoxic insult during neurodevelopment. As is common in studies assessing rare events, our study had a limited sample size and a small number of serious OCs reported by parents of probands; in addition, the statistical method could only be applied to fully genotyped trios, meaning that for each SNP additional families may have been removed because of missing genotypes. The result of a limited sample size is reduced power, which leads to a lower probability of detecting significant interactions, if present. Because of the small number of serious OC events in our sample, the point estimates of the ORs are imprecise, as shown by the wide confidence intervals and should be interpreted with care. In addition, the number of SNPs tested was large (290) and thus it is possible that some, or all, of our significant results are the result of multiple hypothesis testing. Contributing to the modest number of events termed serious OCs is our strict definition (McNeil-Sjostrom Scale score of > 4); the use of the strict definition has two advantages: it defines a subset of individuals who have at minimum potentially greatly harmful obstetric complications and in our sample the OCs reported with severity X5 were nearly all associated with the potential to cause hypoxia in the fetus. However, other researchers have used a less stringent criterion for defining serious OCs (McNeil-Sjostrom Scale score of > 3; for example, Preti et al.
5
). We found that the frequency of OCs > 3 in probands was greater than reported by other studies (Preti et al. 5 frequency of cases with OCs > 3 = 34%; present study: frequency of probands with OCs > 3 = 75%), which may reflect participation bias: mothers of probands who experienced OCs may have been more likely to respond to the birth questionnaire. Our use of the strict definition of serious OCs in interaction with hypoxia-regulated genes may suggest a threshold effect for severity of OCs; furthermore, reanalysis of the seven SNPs in Table 1 with the less strict definition of OCs > 3 leads to a larger number of probands classified as experiencing serious obstetric complications and thus increases statistical power but produced significant evidence for interaction with only two of the seven SNPs (AKT1 rs2494735 and rs1130233) (data not shown). These different results may reflect a dilution of specific biologic interactions between genes modulated by hypoxia and bona fide hypoxic injury, as measured by a score on the McNeil-Sjostrom Scale indicating obstetric complications that are considered potentially greatly harmful to the central nervous system of the fetus or newborn. It is interesting to note that of the SNPs showing significant interaction with OCs defined as OC greater than three and OC greater than four, the minor allele of rs1130233 in AKT1 has been shown to render cells more sensitive to radiation-induced apoptosis, suggesting a functional role for that SNP in AKT1-mediated signaling. 29 Differential maternal recall between cases and controls is not of concern because we used a family-based study design; however, non-directional maternal recall could result in misclassification by serious OC status, which would bias estimates toward the null. The ability of mothers to correctly report obstetric complications decades after birth has been shown to be accurate, 30, 31 especially for severe complications or major medical events, although other studies have shown that maternal recall is not always reliable. 32, 33 It has also been suggested that mothers of individuals with schizophrenia were likely to recall more OCs than mothers of controls, 33 which would not impact the findings of this family-based study where transmissions to affected offspring among schizophrenic probands exposed to and not exposed to serious OCs were examined for evidence of gene-environment interaction.
In conclusion, we report significant interaction between putative hypoxia-ischemia regulated genes and serious obstetric complications that influence the risk for schizophrenia. Although this is the first study assessing serious OCs as the environmental risk factor with polymorphisms in specific selected genes, other studies have shown plausible evidence for gene-byenvironment interaction playing a role in schizophrenia risk, 28, 34, 35 especially mother-child blood group incompatibility. [36] [37] [38] [39] Although our results are exploratory, they support the long-held view of serious obstetric complications interacting with specific genetic risk factors to increase risk for schizophrenia. Our data also have broader implications for finding association between the genes explored in this study and schizophrenia in general clinical samples. If serious OCs increase the impact of genetic variation in these or other genes on risk for schizophrenia, then samples enriched with serious OC-positive histories will be more likely to show such association. Conversely, the effect of serious OCs on risk for schizophrenia will be influenced in any sample by the frequency of risk alleles in these genes in that sample.
